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§  Neutrino Oscillation 

§  Detector Design and Construction 

§  Reactors 
§  Backgrounds 
§  Analysis 
§  Results 
 
All Results Preliminary! 
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•  Nearly massless: but we 
know at least some of 
the neutrinos have 
mass. 

•  Only interact through the 
weak force. 

•  Extremely low 
interaction cross section 
(~10-38 cm-2) 

•  Have a flavor which is 
associated with a 
charged lepton. 
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Current understandings

•! Mass squared dufferences 

•! !m21
2  ~ 8x10-5eV2 

•! |!m32
2| ~ |!m31

2|~2.5x10-3eV2 

•! Mixing angles 

•! "12 ~ 34o 

•! "23 ~ 45o 

•! "13 < 12o (sin22"13 < 0.15) 

•! CP violation (#CP)  unknown 

•! Mass hierarchy  unknown 

•! Absolute mass scale  unknown

Mass Squared Differences 
•  Δm21

2 ~ 7.9x10-5 eV2 

•  |Δm32
2| ~ |Δm31

2| ~ 2.5x10-3 eV2 
 
Mixing Angles 
•  θ12 ~ 34o 

•  θ23 ~ 45o 

•  θ13 < 12o  (sin22θ13 < 0.15) 

δcp unknown 
Mass heirarchy unknown 
Absolute mass scale unknown 

Normal Inverted 
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Oscillation Signature 

Multi-detector approach 
is independent of δ and 
significantly reduces 
reactor based systematic 
errors 
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§  Neutrino Oscillation 

§  Detector Design and Construction 

§  Reactors 
§  Backgrounds 
§  Analysis 
§  Results 
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§  The primary goal of the experiment is to 
measure or further constrain the neutrino mixing 
angle θ13 using the two detector approach to 
reduce the reactor based errors. 

§  Additionally the neutrino flux and spectrum 
measurements performed by the near detector 
will be used to further the use of neutrino 
detectors as reactor monitoring tools for non-
proliferation. 

10	
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   11 

n 
νe p 

511 keV 

511 keV e+ 

Gd 

τ ~ 30 µs 

§  Positron 
•  Immediate 
•  1- 8 MeV (incl 511 keV γs)  

§  Neutron 
•  Delayed (τ = 28 µs for Gd) 
•  8 - 8.5 MeV γ cascade 
 
 

     

•  Inverse beta decay provides a 
good means of separating the 
neutrino signal from background.   

 
•  The energy deposits associated 

with the positron and neutron occur 
close to each other in time and 
space. 

 
•  By using a specific neutron capture 

agent (e.g. Gd) you can further 
restrict the energy of the delayed 
(neutron) event. 

 

νe + p è n + e+
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§  May 2008 – October 2010: Far Detector 
construction 

§  December 2010: Far Detector filling complete 

§  April 2011 
•  Far Detector commisioned 
•  Far Detector data taking started 
•  Near Lab construction begun 

§  July 2011: Outer Veto commisioned 

§  November 2011: First results 

14	
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10

Installation of the Far detector

Target

Buffer

! - Catcher

Wednesday, 9 November 2011
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§  Neutrino Oscillation 

§  Detector Design and Construction 

§  Reactors 
§  Backgrounds 
§  Analysis 
§  Results 
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•  Several antineutrinos are produced by each fission:  
 

 
thPN ∝⇒ ν

•  Antineutrino emission rate and energy spectrum are 
sensitive to the isotopic composition of the core due 
to difference in emissions from fissions of  different 
isotopes 
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§  Recent re-evaluations by  
- Th.A. Mueller et al, Phys.Rev. 
C83(2011) 054615. 
- P. Huber, Phys.Rev. C84 (2011) 
024617 

§   Off-equilibrium corrections 
included 

§  Use Bugey4 as an anchoring 
point for the far detector only 
phase 
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⇒  Not possible to directly compare fission rate of B1 with B2 in fonction of 
Burnup. 

241Pu 

235U 

239Pu 
238U 

Burnup = Ptherm i
! timei /Minitial

i
"

Minitial: initial mass of heavy nuclei (tons) 

<Ptherm>i: average thermal power for the ith interval [MW] 

timei: length [day] 



Lawrence Livermore National Laboratory LLNL-PRES-549929 
21 21 

! 

N"
exp(E,t) =

Np #

4$L2
%
Pth (t)
E f

% & f

Ef = !k (t) Ef k
k
!

! 

" f = " f

Bugey
+ #k

DC (t)$#k
Bugey (t)( ) " f k

k
%

! 

" f k
= dE Sk (E)

0

#

$ " IBD (E)

Bugey4 anchor point 

Includes latest neutron life time  
τn = 881.4 s, PDG2011 
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Days after April 13, 2011
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~2.5% reduction of neutrino rate during data taking due to accumulation of 
239Pu in the core   
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Relat Error (%)
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§  Anchor point of Bugey4 
measurement suppresses 
sensitivity to reference 
spectra (σper fission) 

§  Accurate reactor simulation 
with MURE keep 
contribution of the 
uncertainty on fission rates 
low. 

1.74% total error 
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§  Neutrino Oscillation 

§  Detector Design and Construction 

§  Reactors 
§  Backgrounds 
§  Analysis 
§  Results 
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§  Light created within the PMT 
bases observable due to 
transparent PMT potting. 
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Accidental BG

!

Rate: 0.332 ±0.004 events/day

Prompt energy after 

off-timing coincidence

Preliminary

Accidental Rate 

Accidental Prompt Spectrum 

Singles Spectrum 
Off-time Coincidence 
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Cosmic muon rate

Inner Detector: 13Hz

Inner Veto: 46Hz

Preliminary

Preliminary

Cosmic muon rate

Inner Detector: 13Hz

Inner Veto: 46Hz

Preliminary

Preliminary
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Correlated BG:  cosmogenic

Rate: 2.3 ±1.2 events/day

Number of BG events estimated from time 

correlation with showering µ!

Consistent with reactor OFF measurement

Cosmic-ray µ spallation products: 
9Li, 8He 

 n+" decay with decay time of 200msec 

completely mimic neutrino signal 
9Li ! e- + n + 8Be (n + e- < 11.9MeV) 

Preliminary

Entries  7723
 / ndf 2χ  92.56 / 124

Li-9 counts  26.0± 142.4 
constant  76.4± 2841 
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Entries  7723
 / ndf 2χ  92.56 / 124

Li-9 counts  26.0± 142.4 
constant  76.4± 2841 

9Li, 8He:  n+β with a half-life of 
178, 119 ms and Q-value 11.9, 
8.6 MeV can mimic the neutrino 
signal 
 
Number of events estimated from 
time correlation with a showering 
muon 

2.3 ± 1.2 events/day 
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 Correlated BG: fast neutron

Prompt signal: 

    Recoil proton  

Delayed signal 

    8MeV !’s from neutron capture on Gd 

Rate: 0.7 ±0.5 events/day

Number of BG events estimated 

from the spectrum at high energy  

Preliminary

 Correlated BG: fast neutron

Prompt signal: 

    Recoil proton  

Delayed signal 

    8MeV !’s from neutron capture on Gd 

Rate: 0.7 ±0.5 events/day

Number of BG events estimated 

from the spectrum at high energy  

Preliminary

Rate 0.7 ± 0.5 events/day 

Events are estimated from 
the spectrum at high energy,  

n 

n deposits energy 

Σγ ~ 8 MeV 

Gd 
τ ~ 30 µs 
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§  One day of data was taken with both reactors off 

§  3 events passed the neutrino selection criteria 
below 30 MeV 
•  1) Eprompt = 9.8 MeV, Δt = 201 ms from a showering 

muon (Emuon > 600 MeV), vertex 15 cm from the muon 
track. 

•  2) Eprompt = 4.8 MeV, Δt = 241 ms from a showering 
muon, 28 cm from the muon track. 

•  1) Eprompt = 26.5 MeV), no showering muon within 5 s 

§  The number of observed events are consistent 
with the background calculations. 



Lawrence Livermore National Laboratory LLNL-PRES-549929 
31 

§  Neutrino Oscillation 

§  Detector Design and Construction 

§  Reactors 
§  Backgrounds 
§  Analysis 
§  Results 
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§  Veto Detector for 1 ms after each muon 
§  Reject PMT light emission events 
§  Prompt signal within [0.7, 12] MeV 
§  Delayed signal within [6, 12] MeV 
§  Coincidence window between [2,100] µs 
§  Multiplicity Conditions 

•  No trigger (E>0.5 MeV) 100 µs before prompt 
•  Only one trigger (E>0.5 MeV) 400 µs after prompt   
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-Cf data and MC in the center:	


-Delayed E distribution 	
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Cuts:	


BG subtraction for data with Physics Run	


Before coincidence: dTmu > 1[ms] & Qratio < 0.09	


Selection criteria for delayed coincience:	


Prompt : dT > 1 [ms] & 7 < E < 30 [MeV] (tight cut)	


Delayed : dT from Prompt < 1[ms] & 0.7 < E < 25 [MeV]	


H capture : 1 < E < 3 [MeV]	


Gd capture : 4 < E < 25 [MeV]	
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ΔT efficiency 2<ΔT<100 μs	


Cf data and MC along Z-axis.	



Source position Z [mm]
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Relative difference: ≤ 0.5%	



Cuts:	


BG subtraction for data with Physics Run	


Before coincidence: dTmu > 1[ms] & Qratio < 0.09	


Selection criteria for delayed coincience:	


Prompt : dT > 1 [ms] & 7 < E < 30 [MeV] (tight cut)	


Delayed : dT from Prompt < 1[ms] & 0.7 < E < 25 [MeV]	


H capture : 1 < E < 3 [MeV]	


Gd capture : 4 < E < 25 [MeV]                	
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τ = 27 µs 
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Backgrounds NOT subtracted from candidates sample 
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§  Neutrino Oscillation 

§  Detector Design and Construction 

§  Reactors 
§  Backgrounds 
§  Analysis 
§  Results 
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!"#$%%&'$()*+)&%,"$"*-./*

.011211213* 45*6&,&7&8&*-9$$:&'&*;5/<*=>=11<*!"&7&* .?*

*

1@*ABC%$D$)&B,*EC"F%'"*
!"#$%!&!'(#)%!*+#,-./.0!

! ./+121 ±343152.$#$6±343712.-.$6!
!"#$%!8+,-0!

! ./+121 ±343152.$#$6±3439:2.-.$6*
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Combined analysis: 

T2K+MINOS+CHOOZ+Double Chooz

Preliminary

•  The Double Chooz Far 
Detector only results are 
consistent with previous 
results. 

•  A combined fit excludes 
θ13= 0 at 3σ 
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36

Timeline & Sensitivity

Normalisation to the 
Bugey-4 cross-section 
with far detector only to 
be independent on the 
flux prediction (not to be 
affected by the reactor 
neutrino anomaly).

Far detector
only Far + Near detectors

T2K best fit 0.11 N.H. 
(90% C.L.)

Wednesday, 9 November 2011



Lawrence Livermore National Laboratory LLNL-PRES-549929 
48 

§  The Double Chooz far detector has been taking 
data since April 2011 

§  5 months of data have been analyzed 
§  Sin22θ13 = 0.085 ± 0.029(stat) ± 0.042(syst) @ 

68% conf 
§  The near detector will be operational early 2013 
§  Double Chooz will reach a final sensitivity to 

Sin22θ13 of 0.03 


